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ABSTRACT
CONFOCAL AND TEM ANALYSIS OF MICROBIAL COMMUNITIES IN
MODERN STROMATOLITES AT HIGHBORNE CAY, BAHAMAS
By
Jonathan Franks
December 2007
Thesis Supervised by: Dr. John Stolz
No.of pages in text: 70

A large reef complex with actively growing modern marine stromatolites lies
along the eastern shore of Highborne Cay, Exumas. Previous studies identified the
cyanobacterium Schizothrix gebeleinii as the predominant microbe involved in the
accretion of surface oolytic layers. Here, three additional ooid accreting communities are
described. The first is a community with yellow or pink pigmentation populated by the
stalked diatoms, Striatella unipunctata, Licmorpha paradoxa, and L. remulus. A lectinFITC was used to fluorescently label the stalks and demonstrate their presence in the
subsurface of the stromatolite. The second community, which formed cohesive pustular
masses, was dominated by an unidentified tube diatom. The third community, that
formed larger semi-cohesive domal structures, was dominated by a unique coccoid
cyanobacterium and a species of Phormidium. Structural analysis with light, confocal,
and electron microscopy suggest that all three communities may contribute to the
accretion of new ooid grain layers.

iv

ACKNOWLEDGEMENTS

First of all, I would like to thank my advisor John Stolz for the two years of great
mentoring and support. I would like to thank the other members of my committee, Drs.
John Pollock and Kyle Selcer, for their continuing encouragement and support. Thanks
to Pam Reid and Emily Bowlin for the great help with the field research,Graham
Underwood for the identification of the stalk diatoms,and the other members of the RIBS
research team including Pieter Visscher, Kristen Przekop, Alan Decho, Sean Norman,
Jamie Foster, David Paterson, and Rebecca Aspden for the encouragement and support
on the cruise. Thanks to the crew of the F.G. Walton Smith for putting up with us
scientists and well as providing great research cruises, and to the National Science
Foundation and NASA Astrobiology for making this research possible for all of the RIBS
team.
Thanks to all of the members of the Duquesne Biology Department faculty, staff,
and students, my fellow graduate students, and the members of the Stolz lab for their
support and friendship. Thanks to Kim Gallagher, the honorary member of the Stolz lab
for letting me mentor her in the art of CLSM and TEM. Finally, I would like to thank all
of my friends and family for their added support. Thanks to my Mom and Dad for the
care and support during my graduate education. Thanks to all my wonderful friends for
getting me through these past two years.

v

TABLE OF CONTENTS
Page
iv

Abstract
Acknowledgements

v

List of Figures

viii

Introduction

1

1.1 Structure of Microbial Mat Communities

1

1.1.1 Flat Laminated Mats

3

1.1.2 Stromatolites

5

1.1.2.1

Freshwater Stromatolites

5

1.1.2.2

Marine Stromatolites

7

1.2 The Stromatolites of Highborne Cay

9

1.2.1 Ooid Accreting Community (Type 1)

12

1.2.2 Biofilm Community (Type 2)

13

1.2.3 Fused Ooid Community (Type 3)

13

1.2.4 Previously Un-described Ooid Accreting Communities

15

1.3 Techniques for Studying Microbial Mats

16

1.3.1 Fluorescence Microscopy

17

1.3.2 Confocal Laser Scanning Microscopy

18

1.3.3 Electron Microscopy (SEM, TEM)

19

1.4 Experimental Approach
2. Materials and Methods
2.1 Field Locality and Site Locations

23
23
23

vi

2.2 Sample collection and storage

24

2.3 Transmission Electron Microscopy

26

2.3.1 Acid Treated Mats

28

2.3.2 Vortex Treated Mats

29

2.4 Confocal Scanning Laser Microscopy

29

2.4.1 Pigment Autofluorescence

30

2.4.2 Lectin-FITC Staining

31

2.4.3 Live/Dead Stain

32

2.5 Diatom Speciation
3. Results

33
34

3.1 Classic Mat Types.

34

3.2 Stalk Diatom Mats

43

3.3 Tube Diatom Mats

50

3.4 Pigmented Semi-cohesive Mats

55

4. Discussion

62

vii

LIST OF FIGURES

Figure 1: Satellite image of Highborne Cay

Page 10

Figure 2: Stromatolite beach reef profile

Page 10

Figure 3: Lithified stromatolite cross-section

Page 11

Figure 4: Dominant Prokaryotic communities on stromatolite surfaces

Page 14

Figure 5: Grid staining technique

Page 28

Figure 6: Highborne Cay stromatolite head

Page 37

Figure 7: Schizothrix gebelineii under light microscopy

Page 38

Figure 8: Schizothrix gebelineii under CLSM and TEM

Page 39

Figure 9: CLSM of a type 2 mat

Page 40

Figure 10: CLSM of a type 3 mat

Page 41

Figure 11: Type 3 profile and Solentia

Page 42

Figure 12: Stalked diatom mats (“Yellow fur”) in the field

Page 45

Figure 13: Licmophora diatoms

Page 46

Figure 14: Striatella diatoms

Page 46

Figure 15: Yellow densley populated mat with trapped ooids

Page 47

Figure 16: Type 1 with gel strands

Page 47

Figure 17: Red algae and stalk diatoms

Page 47

Figure 18: Lectin-FITC stained gel strand

Page 48

Figure 19: Lectin-FITC stained surface stalk diatoms

Page 48

Figure 20: Accretion of yellow fur over time

Page 49

Figure 21: Tube diatom mats in the field

Page 52

viii

Figure 22: Light and CLSM of tube diatoms

Page 53

Figure 23: TEM of tube diatoms

Page 54

Figure 24: Field and stereo images of semi-cohesive mat

Page 57

Figure 25: Unidentified thin cyanobacterial filament in pudding mat

Page 58

Figure 26: CLSM of coccoid semi-cohesive mat

Page 59

Figure 27: Stalk diatom mat on coccoid semi-cohesive

Page 60

Figure 28: TEM of coccoids

Page 61

ix

Chapter 1
Introduction
1.1 Structure of Microbial Mat Communities

Microbial mats are communities of microorganisms that colonize surfaces. They
range in complexity from multispecies biofilms, such as the plaque found on your teeth,
to layered microbial ecosystems, such as those found in the hypersaline Laguna Figueroa,
Baja California Mexico. Unlike traditional studies of isolates in culture, these microbial
mats give biologists a glimpse at the natural interactions between different species of
microbes and the environment (Ward et al. 1998). Understanding the microbe’s nutrient
and environmental requirements, growth rates, and interaction with other microbes,
known collectively as ecophysiology, are important aspects of microbial mats studies.
The community structure reflects both the spacial heterogeneity, where populations tend
to be found clustered together often surrounded by their extracellular polymeric
substance (EPS), and temporal heterogeneity, reflecting changes in composition over
time. The abiotic factors that influence the occurrence, abundance, and distribution of a
given species in the vertical profile of a stratified microbial mat may be characterized as
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physical or chemical. The physical conditions include light, temperature, pressure, water
availability and water content. Chemical factors include oxygen, salinity, pH, oxidation
potential (Eh), alkalinity, and availability of electron acceptor (e.g., nitrate, Mn(IV),
Fe(III), sulfate, and CO2). Because of the many factors influencing species diversity in
microbial mats, these communities have adapted to a wide range of habitats including
those with extreme salinity (e.g., hypersaline lagoons), temperature (e.g., hot springs),
pressure (e.g., thermal vents), and pH (e.g., acid mine drainage).
The sandy mat of the Great Sippewissett Marsh, Cape Cod, Massachusetts is an
example of a stratified microbial community (Nicholson, et al., 1987). The mat is subject
to the alternating tides, being submerged at high tide and exposed at low tide. Gradients
of light, oxygen, and sulfide define the vertical profile. The community lies just below a
surface layer of sand and has four to five distinct laminated layers consisting of different
microbial communities. The top gold-colored layer is dominated by filamentous
cyanobacteria and diatoms, with chlorophyll a as the primary photopigment. The
cyanobacteria found in this layer include Lyngbya aestuarii, Nostoc, and Phormordium
which secrete an extracellular polymer which helps to hold the sedimentary particles
together in the layer. The diatoms that are present in the top layer are primarily Navicula
spp. The next layer is called the upper green layer, with chlorophyll a and phycobilins as
the abundant pigments. This layer is dominated by Oscillatoria but includes other
filamentous cyanobacteria such as Phormidium and Spirulina. In addition to these
cyanobacteria, small amount of purple sulfur bacteria can be found. The next layer is a
pink colored layer consisting of primarily the purple sulfur bacteria Amoebobacter,
Thiocapsa spp., Chromatium, and Thiocystis. Bacteriochlorophyll a is the most abundant
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pigment in this layer. The next identified layer is a peach colored layer which also
consists primarily of purple sulfur bacteria, but bacteriochlorophyll b is the dominant
pigment. Thiocapsa pfennigii is the major bacteria found in this layer of the mat. The
lowest layer is called the lower green layer but is not always present.
Bacteriochlorophyll c is the major pigment in this layer, and is populated primarily by
Green sulfur bacteria including Prosthecochloris aestuarii. Purple sulfur bacteria like
Thiocapsa pfennigii are also present at this depth (Nicholson et al. 1987).

1.1.1 Flat Laminated Mats

Flat laminated mats can be described as mats that grow through the accumulation
of biomass, not through accretion of sedimentary structures. These mats are formed in
situ by the primary producers present in the mats that include oxygenic phototrophs (e.g.,
cyanobacteria) and anoxygenic phototrophs (e.g., purple bacteria, green sulfur bacteria,
Chloroflexi)(Nubel et al., 2001). These mats have a high amount of biomass and few
inorganic structures in the layers of the mat. The community structure of these flat
laminated mats is influenced greatly by the chemical and environmental factors. Flat
laminated mats are found in thermal springs and pools, hypersaline lagoons and lakes,
and salt marshes.
Hypersaline communities occur in coastal environments when pools of ocean
water are isolated and the salinity becomes high due to the evaporation of the water. The
salinity of the hypersaline environment is very important and influences the speciation
and diversity within the community. These coastal hypersaline mats occur in places such
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as Baja California, Mexico, the Gulf of Mexico, the Mediterranean Sea, and the Red Sea.
This type of microbial community is similar to other microbial mats and consists of
photosynthetic cyanobacteria with distinct oxygenic and anoxygenic layers (Sorensen et
al. 2005). However, unlike the sandy mat at Great Sippewissett Marsh, which is usually
destroyed every winter, hypersaline mats often accumulate biomass which represents an
historic record of previous years’ growth. The addition of new layers is a result of
seasonal changes in the hypersaline pool (Jorgensen et al. 1988, Stolz, 1990).
The flat laminated mats of Solar Lake in the Sinai Peninsula have been well
studied (Cohen et al., 1977, Krumbein et al., 1977). In this mat, there is a seasonal
variation in the lamination of new layers. In the winter, a dark green layer forms
consisting of a variety of cyanobacteria. This green layer has several species of
cyanobacteria including Microcoleus chthonoplastes and Phormidium spp. as well as
Spirulina spp. and Oscillatoria spp. During the summer months, an orange layer,
consisting primarily of diatoms, forms over the green layer. The community includes the
diatoms Nitzschia vostellata, Navicula lamplanata, and Amphora spp., as well as
unicellular cyanobacteria, Aphanothece halophytica and Synechococcus spp. enough light
can penetrate the top orange layer that photosynthesis still occurs in the underlying green
layer. During the winter months the green layer reforms when the migrating
cyanobacteria from the previous green layer move up to the surface. The diatoms of the
orange layer disappear because of the lack of sufficient light. The silica frustules
dissolve during the winter leaving no evidence of the diatoms in lower layers. This
process of laminated layers accretes approximately 1-2mm of mat per year (Jorgensen et
al. 1988).
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1.1.2 Stromatolites

Stromatolites can be defined as organosedimentary structures formed by the
trapping and binding of sediment and in situ precipitation resulting from the interactions,
growth, and metabolic activity of microorganisms (Papineau et al. 2005).

They may

form in freshwater in shallow streams, ponds, and lakes, or in coastal marine
environments. Like flat laminated microbial mats, the communities involved in
stromatolite biogenesis may have high species diversity and exhibit vertical
stratification(Visscher et al. 1998; Reid et al., 2000; Visscher and Stolz 2005), . However,
the total amount of biomass is significantly less as the bulk of the stromatolite is
inorganic (e.g., calcium carbonate).The sedimentary fabric and mineralogy of
stromatolites can vary depending on the location. The modern marine stromatolites of the
Exumas, the Bahamas, are composed primarily of trapped carbonate ooids, thin layers of
micrite (aragonite), and fused carbonate grain layers (Reid et al., 2000). Stromatolites are
considered earth’s oldest macrofossils and show records of interactions between microbes
and minerals for the 3.5 billion years that life has existed on earth(Knoll and Grotsinger,
1999; Visscher et al. 1998; Visscher and Stolz 2005).

1.1.2.1 Freshwater Stromatolites

Freshwater Stromatolites, also known as tufas, are domed calcified structures that
form in shallow streams and ponds. The calcification process is believed to occur in two
ways. The physical form of mineralization involves sedimentary structures such as ooids
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and oncoids which are incorporated into the mat. The second form of calcification is
driven by biological processes and involves the formation of calcium laminae (Sabater
2000; Davaud 2001). Ooids and oncoids are not as common in freshwater stromatolite
formation as is the precipitation of calcium which is theorized to be driven by the
photosynthetic metabolism of the cyanobacteria (Pentecost 1987). In tufas the carbonate
layers are primarily formed by precipitation. There are seasonal effects on the type of
calcium layer that forms. During the summer and fall, a thick porous layer of calcium
forms because of the high number of cyanobacteria present. The calcium precipitates
around the already present cyanobacteria and forms sheath-like lamina. The second
season of growth is during the winter and spring where a thick laminated layer forms on
top of the porous cyanobacteria layer. This seasonal layering gives a good indication of
the age of the tufa as well as fluctuation in the seasonal accretion (Andrews 2005).
The primary microbes in these freshwater stromatolites are cyanobacteria. Other
microbes that are involved in these tufas are diatoms and algal (Andrews 2005). One
example of the cyanobacteria that form these microbial mats is the Rivularia haematites.
This cyanobacterium is found in many freshwater stromatolites including several field
sites near Malham Tarn and North Yorthshire, U.K. Freshwater tufas found in these
places follow the seasonal lithification process described previously. In the summer and
fall, calcification forms around the sheath of the R. haematites resulting in a porous layer.
The dense calcification occurs on the surface of the tufa after the growth season of the R.
haematites (Pentecost 1987).
The shallow water of Lake Geneva, Switzerland is home to freshwater
stromatolites that are formed by ooid and oncoid sedimentation. Ooids are small sand-
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sized grains that form primarily in marine environments. It is uncommon to see
freshwater ooid formation. Ooids are formed when a small particle called the nucleus
gets subsequent layers of calcium added to it to form relatively uniform spherical grains.
In the case of this freshwater system, the layering of calcite over the nucleus forms these
ooids. This microbial community is made up of cyanobacteria, diatoms and some forms
of algae. There are three types of sediment particulate found in this stromatolite. The
first is described as a micritic-like particle which has the shape of a head of cauliflower.
This type of particle has a rough porous surface. The second type of particle is a part
micritic formation and contains a granular nucleus. Just as the ooids form as smooth
laminated grains, these micritic layers can form on particles. The third type of particulate
found in this microbial mat is the smooth ooids. The organisms form between these
particles and are considered the cause of the micritic and laminate formation. The uptake
of CO2 and the changes in pH causes the calcification of the particles (Davaud 2001).
These ooid accreting tufas are similar in look and function to the marine stromatolites
which are the focus of this study.

1.1.2.2 Marine Stromatolites

Marine stromatolites form in shallow coastal regions and are found sparsely
throughout the globe. These sites include the Bahama banks (of which Highborne Cay is
part) and Shark Bay, Australia. The Shark Bay stromatolites are found in Hamelin Pool
in Western Australia. This pool is 1,220 km2 of coastal area (Papineau et al. 2005). The
stromatolites in the pool cover approximately 100km of the shoreline (Reid et al., 2003b).

7

The average temperature for the water is between 17°C and 27°C. Hamelin pool also has
a high evaporation rate of 2m annually which results in a salinity about twice that of
seawater. In Hamelin pool, there are two general morphologies of stromatolites, the
smooth domed form and the irregular form. The domed stromatolite has a beige/white
interior with sedimentary structures including carbonate sand grains, forams, bivalve
shells, shell fragments, and microcrystalline carbonate. The stromatolite with the
irregular morphology has a green and black knobby surface. The interior of this
morphology is red/brown in color and is less porous then the domed stromatolites. This
irregular stromatolite also has less forams and bivalve shell composition. Most of the
structure consists of micrite with little amounts of sand grains, dolomite crystals and shell
fragments. The sedimentary structures of these two morphologies differ greatly. This
may be due to the community structure of these microbial mats (Reid et al., 2003b;
Papineau et al. 2005).
The community composition of these Shark Bay stromatolites is important in the
morphology of the stromatolite itself. The trapping and binding by microbes is an
essential step in the growth of the stromatolite (Reid et al., 2003b). The microbial
diversity is made up of about ninety percent Bacteria and ten percent Archaea.
Interestingly, the communities are not dominated by cyanobacteria as they comprise less
than five percent.. Microcoleus spp. and other nonfilamentous Pleurocapsa spp.
represent the small number of cyanobacteria found in these mats. Other divisions of
microbes which dominated these Shark bay stromatolites include Actinobacteria,
Planctomycetes, -Proteobacteria, and Euryarchaeota. Different mat types from the
stromatolites show a varied diversity. The surface of the domed stromatolite shows a
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higher number of cyanobacteria which is part of the larger assemblage of oxygenic
phototrophs expected to be present at the surface. The significant differences in
community composition between the domed morphology and the irregular morphology
suggest that the morphology may be influenced by the microbial diversity present
(Papineau et al. 2005).

1.2 The Stromatolites of Highborne Cay

The stromatolites forming at Highborne Cay, Bahamas are specific to the
Bahamas. Highborne Cay (Figure 1) and surrounding Exuma Sound, Bahamas are the
only known examples of currently forming stromatolites in an open marine environment
of normal salinity of seawater. The growth of these stromatolites depends on the
accretion of new carbonate ooids on the surface and periods of lithification. This
lithification helps to form the layers or banding patterns (Figure 3). The layers of the
stromatolites are approximately 1mm each (Macintyre et al. 2000).
The Highborne Cay stromatolites are found on a reef complex extending along the
eastern shore of the island facing the Exuma Sound (Reid et al. 2000). The stromatolite
sites extend along the island for approximately 2.5 km. The back reef is the location of
the stromatolites and thrombolites while the algal ridge is home to some stromatolites as
well as coral (Figure 2). The stromatolites and thrombolites in this area are frequently
exposed to periods of burial and exposure by the shifting sands (Reid 1999), sand is one
method in which the stromatolites accrete new layers or ooids.
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Figure 1: Satellite image of Highborne Cay,
Bahamas. Highborne Cay is located at the
coordinates 76° 49’ W, 24° 43’ N. This small
island is located in the northwestern side of the
Exuma islands in the Bahamas. Stromatolite
beach extends 2.5km along the east-facing beach.

Figure 2: Stromatolite beach reef profile. This profile shows the general layout of the
Stromatolite locations relative to the beach. The depth of the stromatolite heads varies during
tide changes (Reid 1999).
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Figure 3: Lithified stromatolite cross-section. Lithified layers are very noticeable in this saw-cut
Stromatolite from Highborne Cay, Bahamas. (Macintyre et al. 2000)

Stromatolites forming at Highborne Cay can be classified by three types of
surface microbial mats, the ooid accreting community, the biofilm community, and the
fused-grain community. These three mat types are part of a general cycle which takes
place on the surface of the stromatolites (Figure 4).
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1.2.1 Ooid Accreting Community (Type 1)

The first The ooid accreting community (Type 1 mat) is the pioneer community
which initiates the trapping of new layers of ooids, the first essential step in the growth
cycle of the stromatolite. This mat comprises approximately 70% of the surfaces of
stromatolites studied in the field. The type 1 mat is characterized by a dense population
of Schizothrix gebeleinii. This cyanobacteria is filamentous and usually surrounded by a
sheath of mucilaginous extracellular polymeric secretions (EPS) (Reid et al.,. 2003). EPS
can consist of several organic molecules including carbohydrates, proteins, glycoproteins
and lipids. The biochemical properties of the EPS are very important to the trapping of
new ooids(Kawaguchi et al. 2000). Unpublished flume experiments have shown that
when ooids settle on the surface of the stromatolite, they adhere to the exopolymer matrix
produced by Schizothrix. The trapped grains then become incorporated into the
stromatolite when they are bound by the Schizothrix filaments (Reid et al. 2000). In
subsequent processes the lithification of these ooids will occur. The amount of the EPS
present in the mat will have a great affect on the later lithification of the mat. There is a
constant degradation of the EPS during production which helps to keep the stromatolite
accreting and lithifying new ooid layers (Decho 2005). Once the new layer of ooids is
trapped in this EPS, the cyanobacterial filaments move up to the surface through the new
layer of ooids and continue the accretion process (Reid et al. 2000). The Schizothrix
filaments are usually vertically oriented throughout the layer and are entwined throughout
the ooid grains. This type of mat is the “pioneer” community for stromatolites and is
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common during periods of high accretion (Figure 4 a & b) (Reid et al. 2000; Reid R.P.
2003a)

1.2.2 Biofilm Community (Type 2)

The second mat type (Type 2 mat) in the stromatolite cycle is the biofilm
community, and produces thin layers of micrite on the surface. This type of mat
comprises about 15% of the surface mats described in the field at Highborne Cay. The
micrite crust, at the very top of the maturing layer (Figure 4c), is formed by
heterotrophic microorganisms, primarily sulfate reducing bacteria (Visccher et al., 1998;
Reid R.P. 2003a). These heterotrophic organisms degrade the EPS produced by the type
1 mat while producing their own EPS (Decho 2005). The formation of the micrite crust
is the result of both the removal of the cyanobacterial EPS that inhibits calcification, and
the shift in CaCO3 equilibrium under sulfate reducing conditions (Visscher and Stolz,
200). Schizothrix filaments are not abundant in this surface film however they are
present. Below the film between the ooids, Schizothrix filaments are sparsely to
moderately populated throughout this type of mat (Reid R.P. 2003a).

1.2.3 Fused Ooid Community (Type 3)

The third mat type found in Highborne Cay Stromatolites is called the fused ooid
community. This mat type is the most diverse of the three surface communites and
represents the climax community of the stromatolite surfaces (Figure 4 f & g). Type 3
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Figure 4: Dominant prokaryotic communities on stromatolite surfaces. Cycling between communities is indicated
by large arrows. (a,b) Pioneer community: filamentous cyanobacteria (arrows) bind carbonate sand grains. (c e) Bacterial biofilm community: a continuous sheet of amorphous exopolymer (arrows, c, d) with abundant
heterotrophic bacteria forms uppermost surface; aragonite needles precipitate within this surface film (e). (f,g)
Climax community: a surface biofilm overlies filamentous cyanobacteria and endolith-infested grains, which
appear grey and are fused (arrow f). Precipitation in tunnels that cross between grains leads to welding (g). (a, c,
f) Petrographic thin sections, plain polarized light; cyanobacteria are stained with methylene blue. (b, d, e, g)
Scanning electron microscope images. Scale bars: a, b, c, f 100mm; d, 50mm; e, 5mm; g, 10mm. (Reid et al.
2000)

mats are characterized by an abundant population of the coccoid cyanobacterium Solentia
sp. In addition to the coccoid cyanobacteria, the Schizothrix filaments can be found
scattered throughout the ooids below the micritic biofilm. The Solentia cyanobacterium
is an endolith which bores through the ooids. This boring can be viewed by using plane
polarized light under a petrographic microscope. The bored grains appear to be grey
14

while the un-bored have a brown color (Figure 4f). Though this boring process seems to
be destructive, it is not. Because of an infilling process in combination with the
microboring, the boring process is actually constructive and helps to tie all the ooids
together and form a laterally cohesive carbonate layer (Figure 4g). The Solentia is a
photosynthetic microbe and only bores through the ooids atthe surface of the stromatolite.
Because this is a photosynthetic process, the climax community can only be reached if
the surface is undisturbed for weeks to months. If new sediment occurs, the maturing
process of the under layer will only continue if light is available (Reid et al. 2003).

1.2.4 Previously Un-described Ooid Accreting Communities

This study expanded the investigation of other surface communities that could
potentially contribute to the accreted ooid layer. There are several varieties of these
previously unclassified mats: a yellow sparsely populated community consists of a short
fuzzy surface which extends 1-2 mm from the surface of the stromatolite. Yellow
densely populated community consists of a yellow hair-like mat which can extend 1-2 cm
from the surface of the stromatolite. A similar mat type is a pink coating community
which has the same size and appearance as the yellow sparsely populated mat, however,
the color is slightly pink in color.
Other surface mat types include the cohesive pustular and cohesive confluent
mats (e.g., stringy pustule, pustular blanket). Cohesive pustular mats are small domed
formations on the surface of the stromatolite which contain ooids and have the
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consistency of mucus. Cohesive confluent mats have the same consistency as cohesive
pustular mats, however, they cover larger areas of the stromatolite head.
Another stromatolite surface community is called pigmented semi-cohesive
surface community. There are three classifications of this semi-cohesive surface
community. These communities have the consistency of pudding and are classified into
soft, medium, and firm types. All three of these types can have a green pigmentation
present in the top millimeter of the mat. These mat types are currently being studied with
this research to find out if they play a role in the stromatolite community.

1.3 Techniques for Studying Microbial Mats

The study of microbial mat communities presents a variety of challenges.
Standard microbial techniques like enrichment and isolation of pure cultures are
complicated by the wide range of microenvironments, great species diversity, and lack of
physiological data for the dominant organisms. . The delicate community balance is
difficult to replicate in a culture format and typically the organisms obtained in culture
are not those that are the dominant species in the field. Thus culture-independent
methods are used to study microbial communities in situ. DNA-based methods that
employ the use of the polymerase chain reaction (PCR) to amplify 16S rRNA genes have
become routine. The amplified sequences may be used to construct a clonal library with
representative clones subsequently sequenced, or analyzed by denaturing gradient gel
electrophoresis (DGGE) and terminal restriction fragment length polymorphism (tRFLP). These techniques allow researchers to gain a general idea of what the diversity of
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the microbes present in the mat. While this data is important, it often does not reflect the
relative abundances, indicate functionality, or physical relationship with other species in
the community. For the latter, in situ microscopy, fluorescence, confocal scanning laser,
scanning electron, and transmission electron microscopy can be extremely useful.

1.3.1 Fluorescence Microscopy

Fluorescence microscopy allows the visualization of the organisms either by
autofluorescence or staining with a fluorchrome. Standard fluorescence microscopes
have a mercury source lamp that generates ultraviolet to visible light and a set of filters
that select for specific wavelength of light. The excitation filter filters the light from the
mercury lamp letting only the desired wavelengths through to excite the fluorchrome in
the sample. The barrier filter filters the light emitted from the sample, again allowing
only the desired wavelengths through to the ocular lens (or photodetector). An additional
filter may be employed in the filter block as part of the mirror system that directs the light
to the sample. For example, a green filter block, which is used to detect chlorophyll a (as
well as fluorochromes such as tetramethylrhodamine isothiocyante, TRITC) may have an
excitation filter with a band width between 525 and 555 nm, and a barrier filter with a
band width between 590 and 650 nm. Because many microbial mats have cyanobacteria
and diatoms as the primary producers, this technique allows a quick and easy glance at
the assemblage of oxygenic phototrophs that are present in the mat (Stolz, 1994; Dupraz
2004; Papineau et al. 2005).
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This microscopy technique is quite useful in the fieldas oxygenic phototrophs can
be quickly identified and whole mount samples can be used (most fluorescence scopes
use epifluorescence illuminating the sample through the objective lens). The major
disadvantage is that organisms in the mat that do not autofluoresce will not be seen by
this technique. Another disadvantage of this technique is the limited depth of field. This
latter limitation can be avoided with the Confocal Laser Scanning Microscope.

1.3.2 Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) is similar to fluorescence
microscopy in that fluorescence emission is used to visualize a sample, but how the
sample is excited and the image obtained and processed are completely different. The
CLSM uses single wavelengths lasers. The excitation wavelengths available depends on
the number and type of lasers the particular microscope has. For example, argon/krypton
laser found on the Leica TCS SP2 can generate excitation wavelengths of 488, 568, and
647 nm. The laser is focused to a small beam which is scanned over the sample (in the x
and y axes) at a given depth of focus (z axis) and an image is collected. A series of
images can be taken at different depths of the sample and compiled into a single image or
reconstructed into a three dimensional representation (x-y-z mode). The CLSM is very
beneficial to the study of microbial mats. With the aid of the advanced filtering and the
z-position scanning, a microbial community can be visually characterized and studied.
Like the fluorescent microscopes, the CLSM has its limitations. Since this
technique also utilizes fluorescence, samples which do not contain fluorochromes will not
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be seen. In microbial mats there are many families of microbes present some of which do
not contain any autofluorescing pigments. The visualization and characterization of
organisms that cannot be viewed through fluorescent means can be studied with other
forms of microscopy (Decho 1999; Reid et al. 2000; Petrisor 2004).

1.3.3 Electron Microscopy (SEM, TEM)

Electron microscopy is a technique used to look deep into microbial mat samples
and look at the outer and inner physiology of the microbes present. There are two major
Electron microscope techniques used; transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). Both types of microscopes have an electron gun
which bombards the sample with electrons. The differences between the two scopes are
found in the style of sample preparation and detection. The TEM consists of a sample on
a grid that has been stained with heavy metals (e.g., uranium and lead). These heavy
metals prevent the passage of electrons through the sample while the non-stained part of
the grid allows the electrons to pass through and down the chamber onto a
phosphorescent screen which creates an image. There are two general ways in which
samples are prepared for TEM. The first, known as whole mounting, is where a grid that
has been coated with a thin film of carbon, plastic (formvar or parlodion), or both, has
the sample mounted on this film. The sample may be subsequently stained with a heavy
metal, usually tungsten (in the form of phosphotungstic acid) or uranium (e.g., uranyl
acetate). This latter technique is called a negative staining as ideally the only the
background is stained, highlighting the sample in silhouette. This technique allows
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researchers to see the whole microbe and even outer physiological structures like pili,
flagella, and cilia. The second means of sample preparation for TEM involves the
embedding of the sample in plastic (e.g., Polybed, Spurr’s). Prior to embedding, the
sample must be killed (either fixed with a chemical fixative such as glutaraldehyde, or
cryofixed in liquid propane or nitrogen), treated with osmium tetroxide (a post fixative),
and dehydrated (through an ethanol series). Depending on the type of embedding medium
used, the sample may also be treated with propylene oxide prior to emersion in the resin.
Once the resin has cured (usually through heating), the block is trimmed and the sample
is sectioned using a microtome and the sections placed on a grid. After heavy metal
staining (uranium and lead), the sample is observed on a TEM. This technique can be
used to identify specific types of organisms and their physiological state through the
identification of different cell structures. Phototrophic bacteria can be identified by the
structure of the photosynthetic apparatus: cyanobacteria have thylakoids with
phycobilins, purple phototrophs have intracellular cytoplasmic membranes, and green
phototrophs have chlorosomes (Stolz, 1984, 1994; 2007).
The SEM uses a completely different approach to viewing the sample. Although
an electron beam is used, the sample is imaged by the secondary electrons or
backscattered electrons generated though the interaction of the electron beam with the
sample. Although the samples are also fixed and dehydrated (e.g., critical point drying),
they are simply mounted onto a holder and coated (usually carbon or gold). Instead of
looking at cross sections and 2D images of samples, the SEM creates a three dimensional
image of the surface of the sample.
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Both of these electron microscopy techniques are very useful for determining
both species composition and community structure (who is where) and has been
successfully employed for studying flat laminated mats and stromatolites (Nicholson et
al., 1987; Reid et al., 2000; Stolz, 1983, 1984, 1990, 2005; Stolz et al. 2001).

1.4 Experimental Approach

An important question that was not addressed in the earlier studies of the modern
marine stromatolites at Highborne Cay, Exhumas, was the role, if any, of diatoms in their
biogenesis. These earlier studides indicated that eukaryotes are not a necessary
component in stromatolite growth (Reid et al. 2000; Reid et al. 2003); however, previous
research has shown that algal eukaryotes may have some role in the formation of new
surface communities on modern stromatolites (Awramik and Riding 1988). Eukaryotic
algae and diatoms with mucilagous tubes have been observed forming on subtidal
stromatolites in Shark Bay, Australia. These eukaryotes have been observed trapping
coarse grains and contributing to the growth of stromatolites (Awramik and Riding
1988).
In addition to the three “classical” surface communities that have been described
at Highborne Cay, several other surface mat types have been observed. These include
those described as “pink fuzz”, “yellow fuzz”, “yellow fur”, “stringy pustule”, “pustular
blanket” and “pudding”. These surface mat types were distinguished by their appearance
and texture. Their species composition, how they form, and whether they play a role in
the growth and stabilization of the stromatolites was unknown. The purpose of this study
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was to identify the organisms involved in these non-classic stromatolite surface mat types
as well as assessing the role they play in the formation of the stromatolites. The main
hypothesis was that these “non-classic” communities are involved in ooid accretion and
can contribute to stromatolite biogenesis. A series of questions and hypotheses were
generated.
Q-1: What is the species identity of the diatoms found in the “pink fuzz”, “yellow
fuzz”, “yellow fur”, “stringy pustule”, and “pustular blanket”?
Q-2: Is there evidence that these organisms are contributing to ooid accreting
layers?
Q-3: Is evidence of the stalked diatom preserved at depth in the stromatolites?
Q-4: What are the major species in the “pudding” and does this community also
contribute to ooid accretion?

To study these new mat types and to answer these questions several microscopy
techniques were used. Confocal laser scanning microscopy (CLSM) was used to look at
the presence of calcium carbonate and autofluorescence of the cyanobacteria and diatoms
present in the mats. It was also used to examine evidence for the stalked diatoms deeper
in the stromatolite. Transmission electron microscopy (TEM) was used to look at the
physiology of the organisms involved in the new and previously described mat types as
well as helped with the identification of unknown organisms.
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Chapter 2
Materials and Methods
2.1 Field Locality and Site Locations
Highborne Cay is located at the coordinates 76° 49’ W, 24° 43’ N. This small
island is located in the northwestern side of the Exuma in the Bahamas. The Exuma
surface water has a normal salinity between 36-37 ppt. The tides in this area are diurnal
and have a range of approximately 1m. The island consists of an east-facing beach,
which is the location of the stromatolites (Figure 1). The stromatolite beach was divided
into 14 sites, each indicated by a permanent post and marker. Each site is clearly marked
with a permanent marker so that during burial events, the area can still be recognized.
These markers usually consist of a metal spike with a tennis ball placed on the top to
prevent injury, and for easy recognition. Smaller markers are used to mark specific mats
that are under surveillance for shorter periods of time. Some examples of these smaller
markers include stainless steel screws with attached ribbon.
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2.2 Sample Collection and Storage

Samples were collected year-round periodically, based on the seasonal activity of
the mats studied. Multiple samples of the un-described mat types including pigmented
diatom communities, (pink fuzz, yellow fuzz, yellow fur) non-pigmented cohesive
surface communities, (stringy pustules, pustular blanket) and pigmented semi-cohesive
surface communities (soft, medium and firm pudding) were taken from Highborne Cay.
In addition to the previously un-described mat types, mat types that were previously
described were also taken for analysis. For sample work in the Bahamas, fresh samples
were taken and placed in normal sea water for study using the stereo-scope and the
Olympus BX60 fluorescent scope. Samples for transmission electron microscopy (TEM)
and confocal analysis were taken fresh and placed in vials with 2.5% gluteraldehyde in
seawater. Once in fixative, the samples were kept in the dark and cold until processing.
Each sample was assigned an identification code such as H-0607-10.1 to designate
location, sampling date, and specific site location.

The “H” stands for Highborne. The

first set of numbers stands for the year (06) and month (07). The last set of numbers
represents the site number (10) and the consecutive sample number taken from that site
(.1). This is the standard method of cataloging the stromatolite samples acquired from
the Bahamas. Once the samples were obtained, cataloged, and placed in fixative, they
were either shipped or personally transported to Duquesne University for microscopic
analysis. Table 1 shows the samples and types of microscopy used on the fresh and fixed
samples used in this study.
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Table 1: Highborne Cay Stromatolite Samples and Corresponding Figures.
Sample #

Mat Type

Fixed

Field

Stereo

Light

CLSM

H-0310-1.2

Whole strom

U

H-0607-10.3a

Type 1

U

H-0311-10.1a

Type 1

G

H-0607-CP

Type 1 CS

G

H-0607-5.6

Type 1 GelSt

U

H-0510-2

Type 2

G

H-0510-8.2

Type 3

U

H-0510-8

Type 3

G

Fig 10

H-0607-FP

Type 3 s.c.s

G

Fig 11b

H-0606-1

Yellow den

U

Fig 12a

H-0607-4

Yellow den

U

Fig 12b

H-0607-2a

Yellow sp

U

H-0607-2.10

Yellow den

U

Fig 15

H-0607-8.4

Yellow den

U

Fig17

H-0512-3.4

Yellow den

U

Fig 20

H-0607-YF

Yellow den

G

H-0607-FP

Pink coat

U

H-0612-1

Coh pustule

U

Fig 21a

H-0602-9

Coh confluent

U

Fig 21b

H-0510-ST

Coh pustule

G

Fig 22a

H-0607-MP

Med s.c.s.

U

Fig 25a

H-0607-FP

Firm s.c s.

G

Fig 25b

H-0606-1

Firm s.c.s.

U

H-0607-CP4

Coccoid s.c.s.

U

H-0607-CP

Coccoid s.c.s.

G

TEM

Fig 6
Fig 7
Fig 8a
Fig 8b
Fig 16
Fig 9
Fig 11a

Fig 13

Fig 18,19
Fig 14

Fig 22b

Fig 23

Fig 26,27

Fig 28

Fig 24a
Fig 24b

U: unfixed sample taken in the field, G:fixed in Gluteraldehyde, F:fixed in Formalin.
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2.3 Transmission Electron Microscopy

The methods for the preparation procedures were found in Stolz (1983, 2001).
TEM fixation began with taking small subsamples of the mat types. Orientation was
maintained as best as possible. Subsamples were usually approximately 1mm thick and
3mm width and height. Samples were then rinsed with a 0.1M cacodylate with 0.25M
sucrose solution 3x 20 minutes each. The samples were post-fixed in 1% osmium
tetroxide in 0.5M sodium acetate. Samples were then rinsed with a 0.5M sodium acetate
solution 3x 20 minutes. After the rinse, the samples were en bloc stained for one hour
with 1% uranyl acetate. Once the samples were stained, the samples were then
dehydrated using an ethanol series. This ethanol series consisted of 50, 70, and 90%
ethanol in water for 10 minutes each, 95% ethanol for 15 minutes, and finally 100%
ethanol for 3x 20 minutes. The samples were treated with EM grade propylene oxide for
3x 20 minutes. The Spurr’s was prepared using the following recipe: 5g of 4-Viny-lcyclohexene dioxide, 3g of D.E.R. 736 epoxy resin, 13g of Nonenylsuccinic Anhydride,
and 0.4g of N,N-Dimethylaminoethanol. Spurr’s was mixed in plastic 35mm film
canisters and placed on a slow mixer so that the components could mix without the
formation of bubbles. The samples were submerged in a 1:1 mixture of the Spurr’s
embedding media and propylene oxide for 30 minutes. This mixture provided a very
low-viscosity solution and allowed the penetration of the sample with the Spurr’s.
Finally the samples were placed in the Spurr’s for at least 18 hours at room temperature.
This allowed sufficient penetration of the Spurr’s embedding media. The samples were
placed in BEEM® capsules or tray molds and labels were added on small strips of paper
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for easy identification once the blocks were hardened, and the molds filled with fresh
Spurr’s. At this point all the bubble in and around the samples inside the BEEM tubes
were removed using jeweler’s tweezers. In addition to the samples placed in the molds, a
small amount of sample was placed on a glass slide with a cover slip and placed in the
oven as a permanent light microscope slide. All samples were placed in a 60°C oven
overnight for polymerizing. The blocks were then ready for sectioning.
The blocks were removed from the molds and trimmed with a razor blade through
the sample pellet at the tip of the blocks. Sectioning for the TEM prep was done with a
45° Ultra DiaTOME diamond blade and a Reichert microtome. The thick sections were
approximately 200nm thick while ultrathin sections were approximately 90nm thick.
Thick sections were placed on glass slides and stained with toluidine blue (1% in water).
This slide was made to observe the orientation of the samples as well as to make sure
enough sample was being sectioned. Ultrathin sections were placed on Nickel or Copper
200 mesh grids. Thin sections were then stained with 1% uranyl acetate for 20 minutes
and rinsed by breaking the surface of DI water at least 20 times. The sections were then
stained with 1% lead citrate for 15 minutes and rinsed with DI in a similar manner as
before. Both of these staining steps were done in a Petri dish by floating the grids sample
side down on the surface of the drop of solution. It was important to keep the CO2 level
to a minimum with the lead citrate therefore, several pellets of NaOH were placed in the
petri dish to reduce the CO2 levels (Stolz 1983; Stolz et al. 2001). The grids were viewed
on a JEOL 100CX TEM microscope and images captures with a SAI digital camera.
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Figure 5: Grid staining technique. The drops of uranyl acetate on the left and the lead citrate
are on the right with the crystals of NaOH.

2.3.1 Acid Treated Mats

One of the main problems encountered with sectioning stromatolite samples was
the presence of the ooids in the samples. The ooids were not embedded with resin and
would fall out of the sections and actually dulled the diamond blade in some places
during initial trials. Because of this problem, several modifications were implemented
into the sample preparation. The first of these prep changes was acid treatment of the
subsamples before beginning the embedding process. Small amounts of concentrated
HCl was used to dissolve the ooids for better sectioning results. Samples were washed
once in 0.1M cacodylate with 0.25M sucrose, then several drops of concentrated HCl
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were added until the ooids dissolved completely. The embedding then continued as
described previously.

2.3.2 Vortex Treated Mats

The second method used to reduce the amount ooids in the subsamples was to
place the sample in a 1.5 ml tube and Vortex for 10-20 minutes. This will release the
ooids from the extracellular polymeric secretions (EPS) while keeping the sample intact.
The samples were removed from the 1.5 ml tubes and placed in a fresh tube. The sample
preparation continued as previously described.

2.4 Confocal Laser Scanning Microscopy

The CLSM preparation was not as extensive as that for TEM. Subsamples of the
new mat types were taken from the fixed cataloged samples. Vertical sections
approximately 1mm thick and 2 or 3mm in width and height, were prepared using a
straight edge razor blade, and placed carefully on a glass slide. The samples were
oriented so that the stromatolite surface faced upward. . Staining, if necessary, was done
at this point. After washing the sample with a small amount of PBS, a cover slip was
added and the slide was ready for CLSM.
The CLSM model used in this study was is a Leica TCS SP2. This model is
equipped with three lasers, (Ar/Kr [488, 568, 647], He/Ne [543, 594], and He/Ne [633]).
The primary excitation wavelengths used for this study were 488 and 543nm. Samples
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were placed on the stage and focused using the fluorescence scope capabilities. Once
focused the samples could be scanned using the lasers. The laser wavelengths were
dependent upon the sample type and whether or not a stain was used. The detection
ranges were set at this time and also changed depending on the sample and stain used.
The depth of sample to be scanned, called the z-position, was set using the program. The
images at different depths were then compiled into a single image. This is the general
protocol for CLSM analysis. More specific changes were made to the preparation,
excitation wavelength, and detection wavelengths with different techniques.

2.4.1 Pigment Autofluorescence

Many of the microbes present in the new and old stromatolite mat types have
pigments such as chlorophyll a which will autofluoresce under the right wavelength of
light. For the preparation of these samples for CLSM, no special staining was needed..
Excitation was done at 488 nm and three different ranges of emissions were used, Ooids
were visualized by reflectance (485-492nm). False colorization of the ooids were
represented by the color blue. Two different emission ranges for chlorophyll a were used
644-722nm (false color red) and 507-536nm (false color green). When both emission
ranges are detected, the false coloration appeared yellow in color. The settings were
stored in the users folder under the name Strom1.
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2.4.2 Lectin-FITC Staining

Several of the new mats contained stalk forming diatoms. These stalks were
visualized using a Lectin-FITC conjugate (Wustman et al. 1997). Concavalin A (ConA)
was the lectin used in this Lectin-FITC conjugate. The ConA used in this conjugate was
isolated from Canavalia ensiformis. ConA specifically binds to non-reducing -Dglucose and -D-mannose. The protocol for using this ConA-FITC for staining the stalk
diatom mats began with placing a small piece of sample on a slide. All of the following
washes and stainings were done directly on the slide unless otherwise stated. The first
wash consisted of a PBS wash for 10 minutes and then four additional PBS washes of 5
minutes each. This wash step helped to get rid of any extra gluteraldehyde in the sample
as well as any particulates in the solution. The next step was adding 1x Lectin-FITC in
PBS with 1% BSA solution. This was left on the slide at room temperature in the dark
for 1-2 hours. Samples could also be stained at 4°C overnight if needed. However, if
this was done, the samples were placed in a 1.5ml tube to reduce the risk of drying out
overnight. During this step and all subsequent steps it was important to keep the samples
in the dark because the Lectin-FITC is sensitive to light and photo-bleaching could occur.
The slide was then washed once with PBS for 10 minutes, and four additional PBS
washes of 5 minutes each. The samples were then ready for CLSM analysis.
The CLSM has specific settings for the detection of the FITC with an excitation
with the 488nm laser and the emission detection between 500-535nm. This however, is
not what was used. The detection of the FITC conjugate was done with the custom
Strom1 setting. The FITC was excited using the 488nm laser and detected using a 507-
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536nm range. The associated ooids were visualized using reflectance at 485-492nm.
The cyanobacteria were visualized by detecting the autofluorescence of the chlorophyll a
using the 488nm excitation and the 644-722nm detection range.
Samples were stored in PBS in 1.5ml tubes and placed in the 4°C refrigerator.
The tubes were wrapped in foil to keep out the light to preserve the fluorescence of the
FITC and avoid photo-bleaching.

2.4.3 Live/Dead Stain

Total bacteria were stained using the LIVE/DEAD® BacLight™ Bacterial
Viability Assay (Invitrogen, Carlsbad CA). Live/dead stain allows for the staining of all
microbes present in a culture or in this case a microbial mat. This technique was
intended for the visualization of the microbes that did not have autofluorescence. The
live/dead stain consists of two stains: SYTO9, a stain which gets into all cells, and
Propidium Iodide, which only penetrates cells which have holes in the membrane and
therefore competes out the SYTO9 stain.
Small subsamples of stromatolite samples were taken and stained using the
following protocol. Samples were placed on a slide and washed 5x with PBS for 2
minutes. A 1.5x solution of 1:1 ration of SYTO9 and Propidium Iodide was added and
incubated in the dark at room temperature for 15 minutes. This stain did not require any
washes following the addition of the stain. The slides were then viewed under CLSM. It
was necessary to perform this procedure in the dark at all times because the stain is light
sensitive.
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The detection setting for the CLSM was a little different for this type of stain.
The standard FITC/TRITC setting was used to visualize this stain. The sample was
excited using the 488nm and 543nm lasers. The emission detection was 500-535nm for
the SYTO9 while the Propidium Iodide was detected using the 555-700nm detection
range.

2.4 Diatom Speciation

Diatoms found in the stromatolite samples were visualized using light and
fluorescent microscopy. This aided in the identification of several of the diatoms
involved in the diatom surface communities. Pictures of the stalk diatoms were taken and
used to identify the species involved. Speciation of these diatoms was done by Dr.
Graham Underwood during the July 2006 Research cruise to Highborne Cay. Several
other diatoms are also found in the stromatolite system which was not identified
including the diatoms involved in tube formation.
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Chapter 3
Results
3.1 Classic Mats
During this study the analysis of the unfamiliar mat types also provided some
techniques for looking at the classic mat types. The lithification and growth of these
stromatolites can be seen by cutting a slice out of the surface community of the
stromatolite (Figure 6). Type 1 mats are known for the extensive amount of Schizothrix.
Under light microscopy this Schizothrix appears as fine single and multifilamentous
sheathed cyanobacteria (Figure 7). Schizothrix is a cyanobacterium which secretes a
large amount of extracellular polymeric secretions (EPS). The trapping of new ooids is
mediated by this process as described earlier. Confocal laser scanning microscopy
(CLSM) and transmission microscopy (TEM) provided some insight into the morphology
and special distribution of these cyanobacteria. CLSM provided visualization through the
autofluorescence of the chlorophyll a by the Schizothrix (Figure 8A). The TEM allows
the visualization of the Schizothrix inner physiology, as well as the EPS (Figure 8B). The
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TEM image shows a cross section of the multiple filamentous Schizothrix, while the
CLSM image shows a vertical section of the stromatolite. Schizothrix is indicated by the
red/green (looks yellow or orange) autofluorescence of the chlorophyll a while the blue
indicates the reflectance of the ooids. Notice the amount of EPS surrounding the
filaments of Schizothrix in Figure 8b. This EPS is what provides the initial trapping step
in the accretion new ooid layers as well as allowing the movement of the cyanobacteria
when a new ooid layer is forming. The Schizothrix migrates up through the EPS sheaths
and forms vertical filaments (Figure 8a). The TEM analysis of the inner physiology of the
Schizothrix shows the photosynthetic structures called thylakoids (Figure 8b). These
thylakoids are common in most cyanobacteria and usually contain chlorophyll a,
phycobilins (e.g., phycocyanin, phycoerythrin) and other accessory pigments.
Type 2 mat types were also examined with CLSM imaging. Schizothrix are still
present in this community and are indicated by the orange-colored filaments which
results as a combination of the red and green false coloration (Figure 9). This type 2
community consists of a micrite crust of precipitating CaCO3, which was once thought to
be the result of the photosynthetic activity of the cyanobacteria. More recently,
researchers theorize that the sulfur-reducers in the mat are responsible for the
precipitation of the micrite crust (Figure 9). The blue reflectance filter not only shows
the ooids at the surface of the mat but also shows the micrite crust at the surface of the
mat. The Schizothrix are not present in the micritic layer because the precipitation
occurs on the surface of the caramel (Schizothrix) layer. The cyanobacteria will move up
through this micrite layer if new layers of ooids begin to accumlate or the mat become
buried.
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The climax community (Type 3) of the classic mat types consists of a lithified
structure with abundant amounts of ooid-boring cyanobacteria called Solentia The mat
itself is characterized by a large amount of microbes including Solentia and Schizothrix,
as well as the lithification of the ooids (Figure 11A). CLSM imaging showed the
lithification of the mat by the Solentia (Figure 10). The lithified mat shows up with the
488nm reflectance while the cyanobacteria are visualized through the autofluorescence of
the chlorophyll a. Solentia can be found within the ooids (Figure 11B). Solentia not only
bore through the ooids, but also fills in the bores with another form of calcium deposit,
which acts as a cement for the lithification of the mat. The tunnels of these Solentia can
be visualized with the CLSM using the reflectance of the ooids while the Solentia are
visualized with autofluorescence (Figure 11B).
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5cm
Figure 6: Highborne stromatolite head. This shows the stratification of an active stromatolite at
Highborne Cay, Bahamas. The side was cut away with a knife revealing the layering structure.
The sedimentary ooids, which are incorporated into the stromatolite structure, are found
throughout this area.
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Figure 7: Schizothrix gebelineiiunder light microscopy. This 10x phase-contrast light
microscopy image of Schizothrix (S) filaments was taken of a freshly collected field sample and
shows the surface of a type 1 mat. This was taken from a firm accreting caramel layer. This
sample comes from site 10.3a Ooids (O) can also be seen in this figure scattered within the
Schizothrix filaments.
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Figure 8: Schizothrix gebeleinii under CLSM and TEM. (A) Autofluorescencing
filaments of Schizothrix (S).The sedimentary ooids, which help form the stromatolite
(O) are visible by reflectance. (B)Longitudinal section of S. gebeleinii (S) showing
EPS and thylakoids (Th) as they appear in TEM.
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Figure 9: CLSM of a type 2 mat. The micrite crust (M) can be seen at the top of the picture.
Schizothrix (S) are found in this mat type along with ooids (O) now found under the micrite
layer.
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Figure 10: CLSM of a type 3 mat. The Solentia (So) have lithified the ooids (O) to the point
that they are almost unrecognizable. The top left corner has the remains of an ooid with
Solentia inside. Schizothrix (S) is still present in this mat type.
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Figure 11: Type 3 profile and Solentia. A) Cross section of a live type 3 mat. Notice the micrite
crust (M) and fused the ooids (L) (20x). (B) Solentia (So) and their tunnels (Tu)
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3.2 Stalk Diatom Mats

The new mat types initially designated as pink fuzz, yellow fuzz and yellow fur
were found to be several species of stalk forming diatoms including Licmophora remulus
(Grunow), Licmophora paradoxa (Lyngbye) (Agardh), and Striatella unipunctata
(Lyngbye) (Agardh) (Underwood, personal communication) (Figure 13 & 14). The pink
and yellow fuzz mat type occured in the field during summer and fall. Although found
throughout the Highborne Cay field local, they were most abundant between sites 1-5 and
8-12 (Figure 12B). The size of the mats can range in thickness anywhere from 3-5mm to
1-2cm (Figure 15). The pink fuzz however never get to be more then 3-5mm in height
and occur primarily on the top surfaces of the stromatolites. The yellow fuzz and fur
occurred on the sides and the top of the stromatolites.
Diatoms attach to the surface of stromatolites or any other surface associated with
the stromatolite including red algae and Lyngbya filaments. The stalks can attach to both
loose and firm sediment. Once attached to the surface, they begin to secrete
carbohydrates from the apical pore field forming a stalk. This stalk is formed at the
proximal end of the bats/spoons and at the corners of the pillow shaped diatoms. The
abundance of the different diatoms in these mats gives the distinct color differences.
Yellow mat types appeared to have a higher number of Licmophora remulus and
Licmophora paradoxa diatoms. The pink mat appeared to have a higher number of
Striatella unipunctata diatoms. The cause of this pink color in the pillow diatoms is not
currently known. It is hypothesized that these diatoms attach and build stalks in order to
remain near the surface with access to light for photosynthesis.
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A possible scenario for how the stalked diatoms participate in sediment accretion
is that the gelatinous matrix and stalk material they produce trap loose ooids (Figure 15).
These loose ooids are then bound by Schizothrix and other cyanobacteria to form a firm
mat (Figure 16). This type of accretion results in the formation of “gel strands” (Figure
15 and 16) and gel dots (Figure 12A) that consist of the stalks from the stalk diatoms. To
confirm this, a Lectin-FITC fluorescent stain was used and found that it was able to bind
to the stalk material. Once this Lectin-FITC conjugate had bound to the sample, the stalk
diatoms were imaged using CSLM. The stalks and cell walls fluoresced green due to
the FITC, while the chlorophyll a fluoresced red (Figure 18 and 19).
Observations of the stalk diatom mat under light microcopy indicated that the mat
was comprised primarily of Licmophora remulus Grunow [Spoon shaped], Licmophora
paradoxa (Lyngbye) Agardh [bat shaped] (Figure 13), and Striatella unipunctata
(Lyngbye) Agardh [pillow-shaped] (Figure 14). Notice the difference between the two
species of Licmophora. The pillow-shaped diatoms are lens-shaped from the side even
though they appear rectangular from the top (Figure 14).
Field studies have also shown active accretion of new stromatolite growth in the
presence of a stalk diatom mats. With the help of carborundum addition the mats can be
marked and tested later to see how much accretion has occurred (Figure 20). Our
observations also show that diatom mats may play a role in trapping ooids, but the
binding is done by cyanobacteria (e.g., the EPS secreted by the Schizothrix and the boring
and cementing of the ooids by Solentia).
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Figure 12: Stalked diatom mats (“Yellow fur”) in the field. A) A thick stalk diatom mat on the
surface of the stromatolite. The picture was taken during late July in the middle of the stalk
diatom field occurrence. (Site 4), (B) Close up of yellow fur. Note where the surface diatoms
have eroded away, the bundles of stalks (appearing as “gel dots” (G)) are visible.
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LR

LP

20µm

Figure 13: Licmophora diatoms. This figure shows both Licmophora species
side-by-side. The spoon-shaped diatom (LR) to the left is the Licmophora
remulus while the one on the right is the Licmophora paradoxa. (LP) (40x)

SU

10µm
Figure 14: Striatella diatoms. This diatom, which resembles a pillow, is called
Striatella unipunctata (SU). (20x)
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1mm

Figure 15: Yellow densely populated mat with trapped ooids. The picture shows the presence of a
thick stalk diatom mat with loose trapped ooids and the gel strands (7x)
2mm

500µm

Figure 16: Type 1 with gel strands. The picture shows the
presence of the a caramel layer as well as gel strands showing
evidence that the accretion of ooids can occur with these
diatom mats. (20x)

Figure 17: Red algae and stalk
diatoms. A close up of some
stalk diatoms attaching to some
red alga. This is a regular
occurrence to bind to anything
on the stromatolite surface. (50x)
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Figure 18: Lectin-FITC
stained gel strands.
Subsurface gel strand (G)
labeled with ConA-FITC

100µm

Figure 19: Lectin-FITC
stained surface stalk
diatoms. Stromatolite
surface with stalked diatoms
(green) attached to red alga.
The ooids at the surface are
bound with high amounts of
Schizothrix.

100µm
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Figure 20: Accretion of yellow fur over time. Stalk diatom mat on the surface of a firm accreted
mat. This diatom mat was tested for accretion over time. This sample from site 3 had
carborundum (C) added on July 24, 2005 and a red die (R) added on September 24, 2005.
This sample showed a 6-8mm growth in two months July and September and a 0-1mm growth
from September 24th through December 20th. Evidence of gel strands are also present in the
sample which are a result of the accretion of new ooids while stalk diatom mats are present
(indicated by the circle). This mat has a caramel layer which indicates the presence of
Schizothrix underneath the stalk diatom mat. (Experiment and picture taken by R. P. Reid)
(20x)
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3.3 Tube Diatom Mats

Tube diatom mats form on the surfaces of stromatolites in small pustules (“stringy
pustules”, Figure 21A) during the fall, and in large mats (“pustular blanket”, Figure 21B)
during the winter/spring. These mats appear to form little pustules on the firm surface of
stromatolites and then can quickly grow into a large blanket covering a large portion of
the stromatolite head. The mats have a very stringy appearance and texture (Figure 21B).
These mats consist of small Naviculid-like diatoms which form a sheath that they can
move around inside (Figure 22A). The sheath is ~ 8-10 m in width and the diatoms are
approximately 5 m in width (Figure 23).
There seems to be no preference to the different stromatolite sites along the beach,
because these tube diatom mats have been found at all sites. The tube diatom mats are
subject to damage if too close to the waves or too close to the abrasion zone. The proper
level in the water is necessary for formation. These mats consist of the stringy diatom
tubes as well as trapped ooids.
This mat type was identified using TEM, because the information from the light
and CLSM images were not sufficient to describe the mat in depth. The TEM revealed
that diatoms were responsible for filament formation. TEM of the mat also showed
chloroplasts in the cells, as well as evidence of precipitate sticking to the sheaths. These
findings are consistent with the CLSM and light microscopy features of the tube diatom
mat. Diatoms have an autofluorescence of chlorophyll a which allows the visualization
with CLSM (Figure 22B). Under light microscopy, live samples of this mat act
differently than the stalk diatom mats. An observation through standard light microscopy
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has shown that these diatoms are sensitive to the amount of light and can move within the
sheath in response to this light. These tube diatoms will actually retract within the mat
when they are exposed to a light such as the microscope light.
The Lectin-FITC stain which helped to identify the stalk diatom mats did not bind
to the tube structures found in this mat type. However similar accretion experiments
have been done in the field and have shown that suggest these tube diatom mats do accete
new ooid layers (Paterson, unpublished).
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Figure 21: Tube diatom mats in the field. (A) Stringy pustules. White pustules (P) of tube
diatom mats form on the surface of the stromatolite. (B) Pustular blanket. A cutaway (C) of the
underlying firm mat shows a good example of this large blanket of tube diatoms (PB).
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Figure 22: Light and CLSM of tube
diatoms. (A) Light microscopy (bright field)
reveals the diatoms in sheath. Under live
conditions, the diatoms will move within the
sheaths in response to light. (B) CLSM
images of tube diatom (T) mats reveal the
autofluorescence of the tube diatoms (red).
The ooids (O) are also visualized by
reflectance (blue)

20µm
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O
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50µm
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Figure 23: TEM of tube diatoms. TEM revealed that the filaments in the pustular mat types were
diatoms. These diatoms (D) are Naviculid-like and contain chloroplasts. The sheath (S) they form
is a sticky EPS tube, which allows the movement within the tubes. The TEM image also shows the
precipitate (P), which is sticking to the tubes. The sticky tubes are responsible for the trapping of
new ooid layers.
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3.4 Pigmented Semi-cohesive Surfaces

Pudding mats cover four of the mats observed in this study. The four varieties of
pudding mats include: soft, medium, firm, and coccoid pudding. Pudding mats will
bloom on the tops of stromatolites and eventually firm up into a firm accreting type 1
Schizothrix mat. This accretion process has been observed in the field and has shown the
formation of firm pustules on the surface of the stromatolite head (P. Reid, unpublished).
A common occurrence with these pudding mats is the formation of these around algal
eukaryotes on the surface of the stromatolite. A common algal eukaryote that forms on
the surface of the stromatolite is Batophora occidentalis (Littler et al. 2005). The
pustules will often grow up around a filament of Batophora (Figure 24A), and leave a
space when the mat has become a type 1.
The consistency of these mats is like a thick pudding, which can vary depending
on several factors. Light microscopy has revealed the pudding mats have a filament
which does autofluoresce under normal fluorescence and CLSM imaging. This filament
consists of a very thin unidentified cyanobacterium which produces a thin sheath. This
thin filamentous cyanobacteria and the sheath it produces is what is believed to give the
pudding mat its consistency.
Soft pudding has the least amount of cyanobacteria sheath filaments. It is
characterized by a very loose patch of ooids which still has some cohesive qualities.
Medium pudding is slightly more firm then the soft pudding and subsequently appears to
have more unidentified cyanobacteria filaments under light microscopy (Figure 25A).
This pudding mat cyanobacteria can be visualized using CLSM and appears to be much
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thinner then the Schizothrix filaments (Figure 25B). Firm pudding mat contains the most
cyanobacteria filaments and is therefore, the most cohesive mat. Medium and firm mats
have a network of filaments, which resembles a net. Coccoid pudding is one of the three
consistencies of pudding mat that has been inhabited by green coccoids.
The coccoids are classified as an unidentified prokaryotic phototrophic coccoid.
These coccoids were visualized under CLSM, and showed autofluorescence of both
ranges of chlorophyll a (Figure 26A). The orange and yellow color is a result of the
combined red and green false coloration of the fluorescence. The mystery cyanobacteria
filament is present in the coccoid pudding mat and a Lectin-FITC stain was added to this
mat to try and visualize these sheaths. This stain was not successful, however, the
positive control for this experiment was that the coccoid mat had a small amount of stalk
diatom mat on the surface (Figure 27). TEM of the Coccoids shows thylakoids, as well
as carboxysomes, present in the cell (Figure 28A). The cell divides by binary fission
according to TEM analysis (Figure 28B).
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Figure 24: Field and stereo images of pudding mat. (A) Field image of a pudding mat (PU)
that is formed on the surface of the stromatolite. This is an example of the type of pudding mats
that will firm up into a type 1 mat eventually and retain that particular shape. (B) A sample of
coccoid pudding mat. The green band (Co) at the surface of the stromatolite shows the location
of the coccoids. (20x)
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Figure 25: Unidentified thin cyanobacterial filament in pudding mat. (A) Medium pudding
shows more cyanobacteria filaments (M) within the ooids (O) (20x) (B) Shows the differences
between the mystery cyanobacteria (M) and the common Schizothrix filament (S). (20x) Small
amounts of coccoids (Co) can be seen in this firm pudding mat
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Figure 26: CLSM of the coccoid pudding mat. The coccoids (Co) are visualized using the
autoflourescence of the chlorophyll a. The blue indicates the location of the ooids (O) present
in the pudding mat. A small amount of the thin unidentified cyanobacteria can be found
scattered throughout the mat and appear as little red filaments (M).
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Figure 27 Stalk diatom mat on coccoid pudding. This mat was stained with the Lectin-FITC
conjugate.. Coccoids (Co) are found below the surface of the mat between the ooids (O).
Licmophora remulus diatoms (LR) are found at the surface. Striatella (P) are also sparsely
present in this surface community. Stalks (ST) made by these diatoms are present at the
surface.
.
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Figure 28: TEM of coccoids. (A) TEM image of a coccoid
undergoing binary fission. (B) TEM of the coccoid found in coccoid
pudding mats. This image shows the great detail of the thylacoids
(Th) around the edge of the coccoid. The wall is gram-negative
(GR). Cyanophycin (P) and carboxysomes (X) are also visible.
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Chapter 4
Discussion
From the results of this study, all new mat types seem to be associated with the
trapping of new ooids. As discussed earlier, microbial communities are very diverse and
complex systems in which each organism has a role. The purpose of this study was to
look at these new mat types, identify the organisms involved, and finally discern what
role they have in the formation and growth of stromatolites. The identification of the
microbes involved was somewhat successful.
The stalk diatom mats showed three distinct species of diatoms. These diatoms
were identified with the help of several microscopy techniques. The pustular mats were
identified using transmission electron microscopy (TEM) because the light and confocal
laser scanning microscopy (CLSM) was not sufficient to prove the type of organism in
the filaments. These diatoms were not speciated however; this should be the next step in
the identification of these mats. It is speculated that diatom mats form as an opportunistic
phototrophs. The tops of the stromatolites are an excellent habitat for gaining access to
light for photosynthesis. The stalk diatoms are found on most mat surfaces on the
stromatolites, including pudding and classic mat types. These stalk diatoms also attach to
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objects such as the site markers and any other solid object. It is theorized that the stalkforming diatoms attach to these firm surfaces in order to gain access to an abundant light
source and not get buried under the shifting sands of this area.
The tube diatom mats also have this need for light. These organisms are even
more advanced in the ability to control the amount of light they receive. It was noticed
under light microscopy techniques that the diatoms were sensitive to the amount of light
they were exposed to. It is theorized that these tube diatoms have adapted the ability to
move within the sheaths they produce to gain access to more light during low light
conditions and can retract into the mat when high amounts of light is present.
Another important aspect of these tube diatom mats is looking at the growth and
maturation of the mat. The interpretation of the growth of the tube diatom pustules into
mats is caused by the trapping of ooids. This trapping occurs because the exterior of the
diatom sheaths is sticky. The ability to trap ooids is how the pustules can grow into mats
as quickly as they do. The ability for this ooid binding to be permanent is believed to be
the work of the cyanobacteria. The cyanobacteria begin to migrate towards the surface
once burial from a pustule occurs. This then allows the binding of the ooids present and
the overall accretion of new mat layers due to the involvement of tube diatom mats and
cyanobacteria.
The study of pudding mat revealed what is believed to be a very thin (about half
the width of Schizothrix) filamentous cyanobacteria which produces a very thin sheath.
We have provisionally called it a species of Phormidium. This sheath and unidentified
cyanobacteria are responsible for the network of non-Schizothrix filaments typically
found in these pudding mats. Further TEM of these mat types may reveal some
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morphology of these thin pudding mat cyanobacteria. The coccoids found in the pudding
mats are also currently unidentified however the TEM did give some insight into its
physiology. TEM definitively showed that the coccoids are cyanobacteria, with a Gram
negative wall and thylakoids with phycobilisomes.
One aspect of the project that was unsuccessful was the live-dead stain of the
mats. Because of how the stain worked, it was hypothesized that it might work normally
with gluteraldehyde-fixed samples. Unfortunately, this technique of study was not
successful. Instead of the stained samples appearing red or green, depending on the cells
condition, the samples all appeared yellow on the CLSM. This means that both the
propidium iodide and the SYTO9 were both getting into the cells. This technique was
going to be used to identify the organism responsible for the mystery filaments in the
pudding mat. However this needed to be done with fresh samples. Future application of
this technique needs to be done on fresh samples prior to the fixation.
Even though several of the initial identification questions were not thoroughly
answered, this did not hinder the study of the significance of the mats in the biogenesis of
the stromatolites. It became the focus of the project to look at the role these new mat
types have in the formation and health of the stromatolite. There are two aspects by
which the roles of these mat types can be discussed. The first way to look at these mats is
from a biological perspective.
Every organism in a microbial mat has a specific biological role that allows the
mat to stay balanced and healthy. With the use of the confocal laser scanning microscopy
(CLSM) and the transmission electron microscopy (TEM), the health of the underlying
classic mat types were found to be normal. The significance of this is that the microbial
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community was not affected by the presence of these non-classic mat types and therefore,
do not harm the community structure of the microbial mat. Also, from an ecological
perspective, these new mat types help to raise the biomass of the stromatolite community.
One aspect of this study was to see if the new mat types affected the spacial heterogeneity
of the mats. No evidence of this could be identified through microscopy.
The second way to look at the role of these non-classic mat types is from a
geological perspective. With this study, we looked at the role these mats have on the
growth and lithification of new stromatolite layers. This study questioned what stage of
accretion these mats could help with, as well as whether or not they helped or hindered
the growth of the stromatolites.
All mat types showed an impressive ability for trapping new ooids. The stalk
diatom mats had a very loose trapping ability; however, the sheer abundance and
thickness of the mat allowed a significant ooid trapping. The tube diatom mats had a
very mucosal texture, which caused a significant ooid trapping ability. The pudding mats
were also effective at trapping of ooids with the unidentified cyanobacteria net-like
filaments. This shows that all mats may play a role in the trapping of ooids, which is the
first step in stromatolite accretion and lithification.
The next step was to see whether or not there was any evidence of the lithification
of the new mat types by the organisms associated with them. It could be theorized that
the photosynthetic activity of these diatoms and coccoids may raise the pH enough to
allow the precipitation of calcium carbonate; however, this was not observed within these
mats. There was in fact, no evidence of any of the mats having a role in the lithification
and maturation of the mats. This lithification still occurred with the help of the microbes
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present in the three classic mat types. This indicates that the three new classifications of
mat types coalesce with the classic mat types. The new mat types would not be able to
build stromatolites without the presence of microbes like Schizothrix and Solentia.
Further study of these new mat types include the speciation of the tube diatoms,
the identification of the filamentous cyanobacteria that is believed to form the network of
filaments in pudding mats, and finally the testing of the live-dead stain on fresh living
samples prior to fixation. Also, further studies and new approaches need to be used in the
future to determine if these non-classic mat types do have any chemical or physical
influences on the classic mat types.
In conclusion, this study provided new insight in understanding of the role of
these new mat types in the stromatolite community. Several species of diatoms were
identified and their role in ooid accumulation suggests they could contribute to
stromatolite biogenesis. Whether their contribution to the accreted ooid layers at depth
can be discerned (e.g., geochemical signature, ooid grain size) remains to be determined.
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